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A monitor that provides real-time images of low energy (C 50 ev) ion beams has been 
designed, constructed, and tested. The cross-sectional image of the beam at the entrance 
aperture of the monitor is magnihed by a factor of 6.5 and displayed on a CRT, following 
current amplification by using a dual microchannel plate assembly. The monitor provides 
unambiguous information regarding the cross section of any low energy ion beam. Applica- 
tion in the design and testing of quadrupole-based mass spectrometers is emphasized. 
(J Am Sot Mass Spectrom 1991, 2, 226-231) 
F unctional ion lenses for mass spectrometers a11 have in common that they transfer the cross section of an ion beam from some point or object 
to some other point along the ion optical axis, known 
as the image. Mechanical slits are often employed with 
high energy mass spectrometers to limit image size as 
well as the divergence of the beam in order to en- 
hance mass resolution. For quadrupole-mass spec- 
trometers, slits or other apertures are rarely employed 
because, by their nature (i.e., having superimposed rf 
and dc voltages applied to the rods), quadrupole mass 
titers do not have first-order focusing or dispersion 
properties. However, such devices do have limited 
entrance aperture requirements. Thus, the main re- 
quirement of lenses designed for use with quadrupoles 
is that they produce a sharp, well-defined ion image 
that is suitable for entrance into the quadrupole from 
some defined object, such as the ions emitted from a 
mass spectrometer ion source. 
Ray tracing computer programs, such as SIMION 
[l], are invaluable for design of ion-optical devices for 
use in mass spectrometers. These programs use relax- 
ation techniques to provide numerical solutions to the 
LaPlace equation, and from such solutions calculate 
trajectories of ions having specified kinetic energy, 
axial displacement, and angular divergence. Actual 
trajectories can, however, differ signihcantly from 
those calculated, particularly when the final kinetic 
energy of the ion is less than 50 eV, as is typical in 
quadrupole-mass spectrometers. The effects of contact 
potentials and stray helds on ion trajectories are more 
profound the lower the ion kinetic energy. The influ- 
ence of initial ion beam properties on final trajectories 
is also significant if the initial energy distribution is a 
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large fraction of the fmal ion beam energy, such as 
might be the case when fmal ion energy is of the 
order of a few electronvolts. Atomic secondary ions, 
for example, have been observed to have kinetic en- 
ergy distributions with maxima as high as 20 eV and 
tails up to a few hundred electronvolts [2]. Lastly, 
lens elements simulated in calculations rarely reflect 
the exact conhguration of the actual device. These 
differences often arise because limited computer 
memory or computational time prohibit modeling of 
lens elements with high precision, but can also result 
from errors in lens construction, misalignments of 
lens elements, or errors in electrical connections. 
These perturbations are difficult to include in com- 
puter simulations, but can be significant if the final 
ion energy is low. There are also devices, such as 
quadrupole mass filters, for which calculation of the 
time-dependent fringing fields at the entrance and 
exit of the quadrupole is problematic. For these rea- 
sons, it is desirable to have a monitor that permits 
evaluation of the actual performance of a lens system. 
The utility of devices to monitor ion beam parame- 
ters for testing of systems that employ ions having 
greater than I-keV ion energy, typical in sector or 
time-of-flight mass analyzers, has been amply demon- 
strated [3, 41. A variety of beam scanning techniques 
[5] has been employed, such as pinhole arrangements 
or perpendicular slits, where beam profiles are recon- 
structed from differential data using analog circuits or 
computer programs. Real-time imaging using a mi- 
crochannel plate (MCI’) assembly/phosphor arrange- 
ment has also been accomplished, yielding immediate 
and direct information regarding beam overlap in a 
merged ion and electron beam apparatus [6]. Com- 
mercial secondary ion microscopes employ 
MCP/phosphor assemblies to display magnihed, 
mass-resolved secondary ion images of various sam- 
ples. Devices used to monitor the behavior of high 
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energy ions take advantage of the fact that ions hav- 
ing kinetic energy greater than 1 keV cause electrons 
to be eiected from the surface of the MCP. Thus. the 
MCP can be placed directly in the image plane that is 
to be monitored. 
To our knowledge, no beam monitor has been 
reported for use with low energy (< 50 eV) ion beams. 
This may be because low energy ions must be acceler- 
ated up to kiloelectronvolt energy in order to cause 
efficient electron avalanche in MCI’s, and acceleration 
necessarily alters the image that is to be monitored. In 
this article we describe a device that intensifies, mag- 
ties, and projects the focused cross-sectional image 
of a beam of low energy ions onto a real-time display. 
Because it focuses the beam, the device provides in- 
formation about the quality, i.e., sharpness, size, and 
brightness, of the object cross section, but yields no 
information about the angular distribution or diver- 
gence of the beam. 
Design 
Direct imaging of low energy ion beams is not as 
straightforward as it is for kiioelectronvolt beams. 
First, the image of the beam at the entrance of the 
acceleration lens must be kept in a held-free region in 
order not to cause distortion of the image by the 
acceleration field. Second, strong acceleration is often 
accompanied by severe demagnification of the image 
-this must be avoided both to produce a usable 
image of the beam as well as to prevent the focused 
beam from destroying a portion of the MCI’. In fact, it 
is necessary to ultimately magnify the beam image in 
order to readily detect small discrepancies in beam 
size, shape, and position. For a typical quadrupole 
device, for example, the effective acceptance aperture 
diameter can often be as small as 200 pm [7]. For ion 
beams whose total cross-section is of this order, dis- 
crepancies would be d&cult to see without magnih- 
cation. 
The low energy ion monitor described here con- 
sists of three separate stages: an ion acceleration lens; 
an imaging quality dual MCI’ assembly for current 
amplification; and a projection lens for the electrons 
emitted from the MCI’. Both the acceleration and 
projection lenses were designed using SIMIAN [l]. 
Figure la shows the ion acceleration lens schemati- 
cally. Low energy ions are brought to an intermediate 
focus by the first part of the lens system, which acts 
as an einzel lens.* A large entrance aperture was 
chosen for the monitor in order to facilitate location of 
the ion beam. In our experience, misalignment of the 
beam for any of a variety of reasons is a significant 
source of ion loss, particularly when small apertures 
Wile the fust and third elements of the einzel lens are at the same 
potential, the image produced by the lens is also affected by the 
acceleration potential of the MCP. Immersion of this image does not 
appear to cause si@cant degradation of the final projected elec- 
tron image, howwer. 
CRT 
Figure 1. Ray tracing calculations for the low energy ion moni- 
tor using SIMION. (a) Ion acceleration lens. For this example, 
ions enter the monitor with 5-eV energy, from points separated 
by 1.27 mm with an angular divergence of + / - 10” (distributed 
in hve rays from each point). Ions are brought to an intermedi- 
ate focus and then accelerated and focused onto the surface of a 
microchannel plate (MCI’) assembly. There is a one-to-one cor- 
respondence between each point in the entrance aperture plane 
and the MCP surface, with essentially no demagnification. (b) 
Electrons emitted from the MCI’ are accelerated and focused 
onto the surface of a CRT with a magnification of around six. 
Electrons originate from points corresponding to the ion image 
in a, and have an initial energy of 20 eV, with an angular 
divergence of + / ~ 10” (distributed in hve rays from each point). 
are used. A large aperture, however, can permit sig- 
nificant field penetration and image distortion. This is 
particularly true in the presence of a high acceleration 
voltage. Therefore, the purpose of the einzel lens is to 
limit the effect of the MCP high voltage on the beam 
image at the large entrance aperture by increasing the 
distance between the entrance aperture and the accel- 
eration lens of the MCP. Because the einzel lens 
operates on ion beams of up to 50 eV, the voltage of 
the second lens element operates with a modest fo- 
cusing voltage, and the potential at the entrance aper- 
ture is only a small fraction of 5 V. The intermediate 
real image produced by the einzel lens, near the exit 
of the einzel lens, is shown in Figure la. The apparent 
image near the midelement of the einzel lens is an 
optical illusion. 
The second part of the ion lens system accelerates 
the beam to 4 keV and focuses it onto the surface of 
the MCP assembly. Potential contours shown in Fig- 
ure la demonstrate that the potential from the high 
voltage of the MCI’ penetrates well into the third 
element of the einzel lens, immersing the image 
formed by the einzel lens. It is evident from the 
trajectory calculations in Figure la that a 1:l corre- 
spondence exists between each point’ in the beam at 
the entrance plane of the monitor and each point on 
the plane of the MCI’; furthermore the axial displace- 
ment of points on the image (IvlCP) is approximately 
equal to the displacement of points on the object 
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(entrance aperture). The overall magnification of the 
einzel and acceleration lens is thus approximately + 1. 
The net magnification has positive sign because it 
consists of the product of the negative magnification 
of both einzel and acceleration lenses. 
The dual MCP (Gallileo type MCP-18/12) converts 
the ion image into an electron image, while providing 
current amplihcation on the order of 106-107, for a 
typical bias voltage of 900-1000 V across each plate 
[a]. This amplification is necessary in order to image 
low current (e.g., 10 fA) ion beams. It is important to 
note that the channel center-to-channel center dis- 
tance of MCI’s is about 12 pm. Thus, a low energy ion 
beam with a diameter of 200 pm can be divided into 
about 280 resolution elements if it is not demagnified 
by the acceleration lens. 
The projection lens for the avalanche of electrons 
emitted from the MCF’ is depicted in Figure lb. In this 
lens, the electrons are accelerated to 2 keV and fo- 
cused onto the surface of a CRT with a magnification 
of approximately -6. The overall sixfold image mag- 
nification of the monitor allows small changes in ion 
beam size and shape to be observed easily. It is also 
possible (and necessary for low ion currents) to apply 
up to +2 kV to the CRT, with corresponding adjust- 
ments of the projection lens focusing voltages. In- 
creasing electron energy to 4 keV enhances fluores- 
cence, and therefore produces a sharper image on the 
CRT. To monitor the total current, the CRT can be 
held at virtual ground by a picoammeter. In this 
configuration, however, the image can only be dis- 
played if the ion current at the aperture is greater 
than 1 picoamp. 
In order to keep construction costs at a minimum, 
lens element dimensions were designed to be consis- 
tent with a systematic set of commercially available 
insulators and electrodes (Kimball Physics Inc., 
Wilton, NH). The CRT was obtained from a salvaged 
oscilloscope and the monitor housing is a standard 
UHV “Tee.” All components are UHV compatible. A 
schematic representation of the monitor assembly is 
shown in Figure 2, and critical dimensions are Iisted 
in Table 1. 
Evaluation of Monitor 
Evaluation of a monitor in the absence of a well-de- 
fined beam image can be problematic. In such situa- 
tions a simple solution is to place a real object that 
partially blocks the entering ion beam at the entrance 
of the monitor and use the shadow image of the 
object to evaluate the monitor ion optics. The monitor 
was thus tested by its ability to focus the shadow of a 
grid placed over the 9.5-mm entrance aperture. Flat 
ribbon wire of 0.5-mm thickness was spot-welded 
with 2-mm spacing to form the grid across the aper- 
ture, as shown in Figure 3a. The grid was illuminated 
with a diffuse low energy ion beam emanating from a 
6.4-mm diameter aperture. The lens voltages were 
G 4 
Figure 2. Schematic of low energy ion monitor mechanicd 
assembly. The major components are: 1) Entrance aperture with 
grid for testing and calibration; 2) ion acceleration lens; 3) 
electron projection lens; 4) electron drift region (for magnifica- 
tion of image); 5) imaging quality microchannel plate assembly; 
6) CRT for real-time display of image; and 7) UHV housing with 
CFlW flanges. Critical dimensions for each lens element (Al-5, 
1’1-3) are listed in Table 1. Electrical connections are not shown. 
then adjusted (around the design voltages from 
SIMION [l]) to achieve a focused shadow image of 
the grid on the CRT, as shown in Figure 3b. It was 
found that the projection lens focusing voltages nec- 
essary to obtain a sharp grid image indicated that the 
most-probable energy of the electrons emitted from 
the MCP was around lo-30 eV. 
The entrance ion beam energy for the image shown 
in Figure 3b was 20 eV. Similar images were obtained 
for beam energies in the range of 5-50 eV by scaling 
the midelement potential applied to the einzel lens 
linearly with ion energy. The grid wire thickness and 
spacing on the CRT image were found to be about 3 
mm and 13 mm, respectively. The CRT grid spacing 
indicates an actual magnification of around -6.5 for 
the entire system, which is close to the predicted 
magnification from SIMION [l]. The shadow projec- 
tion of the grid on the CRT verifies that the cross-sec- 
tional image of an ion beam at the entrance of the 
monitor can be projected onto the CRT and magni- 
bed. The fact that the image shown in Figure 3b is not 
centered on the source aperture arises from a slight 
misalignment of the monitor with the ion beam source. 
Table 1. Lens dimensionsa and spacing 
Lens 
element 
Al 
A2 
A3 
A4 
A5 
PI 
P2 
P3 
Spacing 
Entrance Tube Exit 
aperture Length Diameter apertuteeb 
0.95 2.67 2.29 
0.25 0.43 2.54 - 
0.25 3.16 5.21 3.56 3.18 
0.38 0.64 3.18 - 
0.38 3.18 4.00 3.56 3.16 
0.70 0.06 3.16 _ 
0.70 0.64 3.81 - 
0.70 3.18 27.7 3.56’ - 
‘All dimensions are in centimeters. 
bAperture dlmknslons refer to diameter. 
CDiameter n~creases in field-free region. 
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Figure 3. Demonstration of low energy ion monitor perfor- 
mance. (a) Schematic of grid placed on entrance aperture of 
monitor for testing and calibration. Dimensions on the left are 
actual grid dimensions, while dimensions on the right are for 
the shadow image on the CRT. (b) Photograph of shadow image 
of grid on CRT. The grid is off center due a slight misalignment 
between the beam source exit aperture and the monitor en- 
trance aperture. Etched lies on CRT screen are 1.2 cm apart. 
However, the absence of “barrel” and “cushion” 
distortion [9] attests to the fact that the plane occu- 
pied by the grid was field-free, and that whatever ion 
image exists at the entrance to the monitor will be 
faithfully reproduced on the CRT. 
Application: Evaluation of 
Quadrupole-Mass Analyzer 
As a demonstration of its utility, the low energy ion 
monitor was placed at the exit of a quadrupole-mass 
analyzer. The 3/8-inch (9.525 mm) rod dia. quadrupole 
was attached to a low energy ion source, which is 
capable of producing a tightly focused low energy ion 
beam. Deflection plates in the ion source also made it 
possible to change the position of the beam at the 
quadrupole entrance. The cross-sectional image of the 
transmitted ion beam at the exit of the quadrupole 
was then investigated as a function of the quality of 
the entering beam (i.e., beam size and radial displace- 
ment) with the quadrupole tuned to the maximum 
intensity of the selected ion. The motivation for these 
investigations was to determine the nature of the 
exiting ion beam in order to facilitate the design of a 
lens to collect and focus mass resolved ions, with high 
efficiency, into a collision region for MS/MS. We 
found that the quality of the exiting beam was a direct 
function of the quality of the entering beam. Figure 4 
displays a series of cross-sectional beam images that 
illustrate this dependence. 
Figure 4a is a photograph of the familiar “clover 
leaf” pattern commonly reported in the literature [lO]. 
The entering ion beam was purposely defocused in 
order to obtain this image. When the entering beam 
was focused to a small spot at the quadrupole en- 
trance, however, the image in Figure 4b was ob- 
tained. The fact that the “clover leaf” pattern is 
absent in this image indicates that if a tightly focused 
circular beam enters the quadrupole, a relatively small 
diameter circular beam exits the quadrupole. The di- 
ameter of the beam indicated by Figure 4b is about 1.5 
mm. It is only when the entering beam is diffuse that 
the exiting beam exhibits the commonly reported 
“clover leaf” pattern. 
Figures 4c and d illustrate the origin of the “clover 
leaf” pattern by showing the effect of an off-axis beam 
entering the quadrupole. If the entering beam is de- 
flected toward one of the quadrupole rods, the beam 
image exiting the quadrupole appears as an ellipse 
with its major axis parallel to the displacement of the 
entering beam spot from the quadrupole ion axis 
(Figure 3c), i.e., the exiting image is elongated be- 
tween the pole that was closest to the beam at en- 
trance, and the pole opposite to it. However, if the 
beam is deflected toward one of the other quadrupole 
rods, the cross section of the exiting beam is again an 
ellipse, but with its major axis directed between the 
other pair of rods. Ions that enter the quadrupole 
displaced so that they are midway between two rods 
exit as a diffuse image. Consequently, ions entering 
the quadrupole in a diffuse beam tend to exit in a 
superposition of two orthogonal ellipses and a diffuse 
bloom, resulting in the “clover leaf” pattern observed 
in Figure 4a. 
It is well known that the mean ion axis of 
quadrupoles is field-free. Ions that enter the 
quadrupole off-axis, closer to one quadrupole rod or 
another, are subjected to a time-dependent field com- 
ponent perpendicular to the mean ion axis. The ions 
are either accelerated toward the rod or away from it 
as they enter, increasing or decreasing their initial 
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Figure 4. Cross-sectional images of a 5eV m/z 39 beam generated from a graphite target after 
transmission through a quadrupole set for mass resolution of about 200: (a) If a diffuse beam enters 
the quadrupole a clover leaf pattern is observed. (b) If a tightly focused beam (ca. l-mm dia.) 
enters the quadrupole on axis, the exiting beam is small in cross section and much more circular. 
(c) !I a well-focused beam enters the quadruple, off axis towards one of the quadrupole rods, the 
exiting beam cross se&ion is a line directed between the pair of rods. (d) If the beam enters off axis 
toward a quadrupole rod from the other pair, the exiting beam cross section is directed between 
the other pair of rods. The clover leaf pattern is a superposition of (c) and (d). 
D 
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displacement from the ion axis. As the ions with the 
correct mass-to-charge ratio for transmission transit 
the quadrupole, and oscillate perpendicular to the 
mean ion axis, the,amplitude of their displacement is 
conserved, and the image produced upon exiting the 
quadrupole reflects this behavior. 
The principal advantage of maintaining a small 
mass resolved image at the exit of the quadrupole is 
that it is subsequently easier to focus a beam with 
small cross section than it is to focus a beam with 
large cross section. This is important only if some 
other operation is to be performed on the mass re- 
solved ion image. For example, if the ions are to be 
accelerated and focused onto a solid state collision 
device for MS/MS, then the quality and performance 
requirements of the accelerating and focusing lens 
will be a direct function of the ion beam exiting the 
quadrupole in front of the lens. 
Summary 
Ion beam behavior becomes increasingly more difk 
cult to predict as ion energy is lowered, so it is 
necessary to verify experimentally the performance of 
Ienses designed for low energy beams. For this pur- 
pose, a monitor that provides real-time magnified 
cross-sectional images of low energy ion beams has 
been designed, constructed, and tested. Low energy 
beams are of particular importance in quadrupole- 
based mass spectrometry, where transmission effi- 
ciency is often strongly dependent on the quality of 
low energy ion lens performance. The monitor, there- 
fore, shows promise as a useful tool in evaluation of 
low energy ion optics for quadrupole-based mass 
spectrometers, and should facilitate the optimization 
of transmission efficiency through such devices. 
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